There is considerable interest in understanding genetic determinants of critical illness to improve current risk stratification models, provide individualized therapies, and improve our current understanding of disease mechanisms. This review provides a broad overview of genetic nomenclature, different study designs, and problems unique to each of these study designs in critical illnesses. Well designed genetic studies with careful attention to these issues during the planning phase, use of rigorous statistical methods during analysis, and replication of these results in different cohorts will lead to more robust results and improved understanding of genetics of critical care.
The completion of the Human Genome draft in 2000 has been accompanied by an explosion of studies examining genetic determinants of disease [1, 2] . In critical care, current prediction models based on socio-demographic and clinical risk factors fail to explain fully why a particular patient either develops or succumbs to disease. Consequently, physicians have tried to understand if genetic variation affects susceptibility and outcome of critical illnesses. Genetics may also provide insights into biological mechanisms and allow more precise use of interventions. Using targeted therapy based on an individual's genetic makeup, rather than using it on all patients, is an appealing strategy. But conflicting results from early studies in genetics of critical illness have led the scientific community to view these results with skepticism [3] . For example, there has been little consensus regarding genetic markers associated with a tumor necrosis factor (TNF) hypersecretor response. In particular, contradictory reports have been published for the association between the -308 guanine to adenine transition within the promoter region of the TNF gene and its expression and severe sepsis susceptibility [4, 5] . This article will provide a broad outline of study designs to ascertain the role of genetic variation in critical care and focus on gene association studies, the most common study design in critical care. The article also addresses both problems generic to genetic studies and those unique to genetics of critical illness.
Mendelian and complex traits
Mendelian traits or diseases, such as sickle cell disease or cystic fibrosis, are influenced by a single gene. In contrast, most critical illnesses are multifactorial diseases, and called 'complex traits' in genetic parlance. Severe sepsis, an example of a complex trait, results from multiple etiologies, such as Gram-positive and Gram-negative bacteria, or fungal infections. The progression to severe sepsis is often mediated by a common biological pathway, with variations unique to specific infectious agents. Therefore, genetic variations within inflammatory mediators involved in the sepsis pathway have been hypothesized to play a role [4, 6, 7] . However, in addition to genetic factors, host characteristics and pathogen load also influence the phenotype. The relative contribution of host genetic factors in complex traits like severe sepsis would be modest.
Focusing only on the contribution of genetic variation to disease, the exact pattern of genetic variation influencing complex traits is still unclear and several theories have been proposed [8] . One model, termed the common disease-rare variant model, suggests that phenotypic variation in complex traits is due to numerous rare genetic variants at multiple loci, with each variant single handedly causing disease. Although the frequency of each rare variant is low, populations may have several such variants. An example of the common disease-rare variant model includes mutations in the BRCA1 and BRCA2 genes, which have been implicated in the susceptibility to breast and ovarian cancer [9] . The frequency of each of the four mutations within these genes is less than 5%, but more than 80% of subjects with these mutations develop breast cancer.
In contrast, the common disease-common variant model suggests that common variants underlie complex traits. Such variants may be maintained through generations due to some form of balancing selection, where the same genetic variant may be protective for certain diseases and harmful in others. This model may be particularly important in critical illnesses, which often occur due to differences in expression of inflammatory mediators. A robust pro-inflammatory response with TNF and IL-6 release may increase the risk of complications, such as severe sepsis or adult respiratory distress syndrome (ARDS), yet that same response may be critical for an adequate host response to infection. Therefore, genetic variants associated with a pro-inflammatory response could be protective and detrimental under different conditions. An example of balancing selection is the guanine to adenine transition at the +250 site within the lymphotoxin alpha gene, which is associated with increased TNF expression and also with higher risk of severe sepsis but lower risk of prolonged mechanical ventilation after coronary artery bypass graft surgery [4, 10] . Complex traits may also occur due to a combination of rare and common variants. Finally, interactions may occur among genes (epistasis) and with environmental factors (gene-environment interactions) to influence the phenotype (Table 1) .
Nomenclature: polymorphism, mutation, and SNPs
Nucleotides are the building blocks of DNA and contain one of the following four bases: adenine (A), thymine (T), guanine (G), or cytosine (C). A polymorphism is a common variation in the sequence of DNA among individuals (>1% of the population). Substitution of one of the four base pairs by another base pair is called single nucleotide polymorphism or SNP; for example, a SNP may change the DNA sequence from AATCG to AGTCG. Mutations are also heritable changes in the DNA sequence, but have a frequency of <1%. Polymorphisms occur at a rate higher than can be explained by new mutations, suggesting that they may confer some survival advantage. Variable number of tandem repeats is another type of polymorphism, where a particular repetitive sequence is present in different numbers in different individuals. An example of a tandem repeat is the tetranucleotide (CATT) n repeat within the promoter region of the macrophage inhibitory factor gene, where subjects can have from five to eight repeats [11] .
All SNPs are not the same: choosing candidate SNPs
The genes in the human genome account for a very small fraction of the total DNA, and more than 90% of the sequences between genes do not encode any particular product [12] . Variations within DNA are ubiquitous. SNPs occur every 1,000 base pairs in the human genome, and most SNPs do not lead to a change in protein structure or secretion. When SNPs lead to changes in amino acids they are called non-synonymous or missense SNPs. Some of the non-synonymous SNPs in the coding region may affect protein structure and lead to alterations in phenotype. An example is the G to A coding polymorphism at the +1691 site in the factor V gene of the coagulation cascade [13] . This polymorphism leads to the substitution of an arginine by glutamine at amino acid position 506, which is one of the cleavage sites for activated protein C. Factor V inactivation is delayed because the cleavage site is not present, and leads to a hypercoagulable state.
Similar to non-synonymous SNPs, those in the promoter region are also important. Although they do not affect protein structure, they may affect binding of transcription factors and alter expression of the protein in response to an appropriate stimulus. For example, an insertion/deletion polymorphism, termed 4G/5G, is found 675 base pairs upstream of the transcriptional initiation site in the plasminogen activator inhibitor-1 gene [14, 15] . Although both alleles bind a transcriptional activator, the 5G allele reduces transcription by binding a repressor protein, and is associated with lower circulating plasminogen activator inhibitor-1 concentrations [16, 17] .
However, most SNPs have no effect on the phenotype because they are either in non-coding regions or they are synonymous SNPs, which are variants that code for the same amino acid. Of the SNPs in the non-coding region, those in the 5′ or 3′ untranslated region are probably more important than those in introns, which are non-coding sequences of DNA that are initially copied into the RNA but cut out of the final RNA transcript. They may play critical roles in the posttranscriptional regulation of gene expression, including modulation of the transport of mRNAs out of the nucleus and stabilization of protein [18] . It is important to understand these distinctions when choosing SNPs during candidate gene analysis for causal variants. In general, promoter region and non-synonymous SNPs are likely to be more important than those in the non-coding region.
SNPs are not necessarily causal: role of genetic markers, linkage disequilibrium, and haplotype blocks
Knowing the causal SNP may often be difficult. Often, we may discover a SNP 'associated' with a specific phenotype, but it is simply a 'marker' rather than the causal variant. This marker is co-inherited along with the causal variant because it tends to be on the same piece of DNA. This phenomenon where two genetic variants are inherited together through generations is called linkage disequilibrium (LD). Several methods can be used to measure LD. Two most commonly used are Lewontin D' and R 2 . Both are measures of correlation and expressed on a scale of 0 to 1, with a higher number indicating greater LD or that these SNPs are more likely to be inherited together. These measures of LD are statistical measurements in population genetics and do not necessarily imply distance between the two sites. LD maps for SNPs within a single gene are available publicly and provide important insights into choosing marker SNPs for candidate gene analysis.
LD is a powerful tool in genetics. During meiosis, pieces of maternal and paternal DNA are exchanged via recombination. However, markers in LD remain tightly linked and are transmitted through generations as regions of DNA called haplotype blocks. Once an association is determined between a marker and disease, one could focus on the 'block' of DNA to identify the causal polymorphism. These 'blocks' can be identified, or tagged, by one or more polymorphisms on the block. Once a haplotype of interest has been described, additional work can be done to sequence the haplotype and tease out the specific functional polymorphism within the haplotype that appears to cause the phenotype.
Haplotype and haplotype tag SNPs
Haplotyping is a way of describing blocks of DNA with a pattern of alleles. A potential problem in constructing haplotypes from results of genotype alone is that it is often difficult to determine which set of alleles derives from the paternal chromosome and which set derives from the maternal chromosome. In other words, how are adjacent bases aligned on each chromosome? The specific arrangement of markers on each chromosome within a pair is called haplotype phase. Although phase can be determined by molecular genetic techniques, such methods are expensive. Therefore, statistical software is used to estimate the haplotype frequencies in a population based on genotype data and LD.
Commonly used statistical programs either use iterative likelihood (SAS Genetics, EH Plus) or Bayesian methods (PHASE) to estimate haplotype frequencies in the population. Consider an example of estimation of haplotypes and frequencies of each of these haplotypes in the promoter region of the TNF gene with two SNPs at the -308 and -238 sites (Figure 1 ). Based on arrangement of these alleles on the maternal and paternal chromosomes, an individual with a GA genotype at both sites could potentially have four different haplotypes, G/G, G/A, A/G, and A/A. Assuming that no LD exists between these sites, the probability of each of these haplotypes is 0.25. However, the estimated probabilities based on LD differ significantly. It is important to emphasize that statistical methods can only estimate probabilities of each haplotype. 
Study design
Two broad approaches are used to assess the roles of genetic variants in disease: linkage analysis and association studies ( Figure 2 ). Linkage analysis follows meiotic events through families for co-segregation of disease and genetic variants. In contrast to chronic illnesses like diabetes, obtaining an accurate family history about critical illnesses in the past, such as whether a family member developed ARDS after pneumonia, is difficult. Therefore, this approach is less useful in acute illnesses, and has not been used widely in the critically ill. In contrast to linkage analysis, association studies detect association between genetic variants and disease across individuals in large populations. Most association studies are population based, but family based studies using parents-affected child trios (transmission disequilibrium test) can also be conducted. This design tests for an association between a specific allele and disease in the child by testing whether heterozygous parents transmit this allele to affected children more frequently than expected [22] .
Gene association studies can be cohort or case-control. Cohort studies are time consuming and expensive to conduct, and are impractical for rare diseases, whereas casecontrol designs can be affected by selection bias or information bias. However, there are study design problems unique to gene-association studies in critical care. A common practice in case control studies is the use of blood bank donors as a control population. For example, consider a casecontrol design to study genetic variants influencing susceptibility to pneumonia and severe sepsis. The allele frequency in the control population is often driven by subjects who volunteer to participate in the control group. Little information is available on whether individuals in the control group would or would not develop pneumonia when exposed to an adequate pathogen load in the presence of similar nongenetic risk factors for pneumonia susceptibility.
Even assuming that pneumonia does occur uniformly in the controls and cases, it is not known if severe sepsis would then develop among controls. Severe sepsis and other Estimation of haplotype frequencies for two tumor necrosis factor (TNF) single nucleotide polymorphisms (SNPs) at -308 and -238 promoter sites.
Two SNPs are in linkage disequilibrium at -308 and -238 sites within the promoter region of the TNF gene. The frequency of rare allele A at -308 and -238 sites is 0.15 and 0.05, respectively
Assuming random arrangement of the alleles, four possible combinations are possible with equal probability
Estimated probability of each combination or haplotype assuming linkage disequilibrium
Figure 2
Overview of genetic studies.
critical illnesses often occur due to differences in innate immune response. Therefore, while a particular innate immune response like higher TNF production can be protective for pneumonia susceptibility, it might increase risk of severe sepsis. Critical illness occurs in the continuum of a healthy host, who develops infection or trauma, progresses to organ dysfunction or severe sepsis, and death. Taking only the cases at the end of this spectrum, those with established severe sepsis, and comparing them to healthy blood donors could be an entirely spurious process. This association could be confounded by the inciting stimulus that led to severe sepsis.
An inception cohort design is thus a stronger approach. But such studies are time consuming and it is impractical to follow large population based cohorts for long periods, waiting for infections and critical illness to occur. One must, therefore, identify a population at risk, and a single inception cohort may not be able to provide all the answers. One example would be to follow a cohort of elderly subjects for development of pneumonia, while another inception cohort of subjects who present to physicians' offices or emergency rooms with pneumonia could be followed for development of subsequent complications.
Finally, gene-environment interactions are also important to consider in gene association studies. Many interventions in the intensive care unit alter the cytokine cascade, such as strategies to ventilate patients, medications, or surgical techniques. Since differences in expression of proteins involved in the cytokine cascade are hypothesized as candidate genes, interactions between cytokine gene polymorphisms and these interventions would be important.
Candidate gene approach and genome-wide screen
Regardless of the overall study design, one also needs to decide what methodology to use to examine genetic variation. There are two general approaches: genome-wide association studies and candidate gene association studies. Genome-wide association studies are philosophically similar to whole genome linkage analyses, where the investigator does not have an a priori idea of the susceptibility locus, but is trying to locate a chromosomal region that is associated with the 'disease' of interest [23] . This approach is hypothesis-generating, and it is technologically intensive and expensive. However, as the cost of genotyping continues to decrease, this methodology becomes more viable. The exact number of SNPs and type of SNPs (all versus non-synonymous SNPs only) to be used for a genome-wide screen is still a matter of debate.
The candidate gene approach examines the role of genetic variation in one or more genes most likely to be involved in the biological pathway. This approach requires an understanding of the biological mechanisms to identify candidate genes and is commonly used because it is technologically non-intensive and relatively inexpensive.
Alternatively, a hybrid approach can be used: a genome-wide screen is used to identify genetic variation spaced throughout the human genome, followed by a candidate gene approach to examine genes within the region of interest.
Phenotype
Accurate definition of phenotype is critical to genetic studies. False positive or false negative results are often due to differences in definitions of phenotypes across studies. Critical illnesses are heterogeneous conditions or syndromes and occur due to a variety of etiologies, each leading to different outcomes. Although clinical definitions of ARDS or severe sepsis are useful diagnostic criteria for clinicians, they may be too expansive for understanding the role of genetic variation. Different sets of genetic markers may underlie susceptibility to ARDS due to infections and trauma [24] . Similarly, genetic variation underlying severe sepsis susceptibility due to different infections may also vary due to interactions between individual organisms and genetic variants.
Statistical issues in gene association studies Power
Irrespective of study design, it is critical to have sufficient power to detect association. As described previously, the relative risk for critical illness for individual loci would be small, with relative risk ≤ 2. Sample size estimates for gene association studies are determined by the allele frequency and relative risk of the genetic marker of interest. In general, association studies may be more likely to provide statistical evidence of a disease gene with low relative risks than linkage studies [25] . However, approximately 1,000 cases and 1,000 controls will be required to detect modest relative risks of 1.5 [26] . Larger sample sizes would be necessary for rare alleles (frequency <10%), whereas smaller sample sizes would be required if the relative risks are larger. Numerous statistical tools are available to determine sample sizes required for different levels of significance, for example Quanto [22, 27] and Genetic Power Calculator [28, 29] .
Multiple testing
There is no easy statistical solution to the problem of multipletesting. If thousands of tests are performed, then there will be many false-positive results. One of the current approaches is to use a false-discovery rate (FDR) statistic to decide what proportion of true positives to false positives is acceptable to the investigator, choose a level of significance based on this proportion, and follow-up on all results that achieve this level of significance [30] . Thus, the first stage of analyses in which multiple-testing is performed is usually considered to be hypothesis-generating, and results of these analyses will contain some false positives. 
Replication of genetic studies
The strongest evidence that a particular variant or candidate gene is associated with a trait, and thus may be causal, or in strong LD with a causal variant, is to replicate the result [32] . Replication is defined as doing the analyses in a different population, preferably by different investigators, using different methods to avoid introduction of bias. DeMeo and colleagues [33] recently used linkage analysis to narrow down the candidate genes for chronic obstructive pulmonary disease to chromosome 2q. Using microarray technology on murine and human lung tissue, they identified three genes of interest on chromosome 2q. The associations between these three genes and chronic obstructive pulmonary disease were tested using family based design, and the association with one of the genes, a serine protease inhibitor or SERPINE2, was confirmed in another case-control design using different patient populations from the United States.
Studies have attempted to replicate work in populations of different ethnic origin. For example, a recent report showed that the association between polymorphisms within the selenoprotein S gene with TNF and IL-6 expression in a study of Caucasians was replicated among Mexican families [34] . However, failure to replicate results for a genetic marker in populations of different ethnic origin does not suggest that the results are merely due to type I error. Rather, differences in LD between the genetic marker and the causal variant may lead to different results.
Population admixture
Sub-populations within a population may have a different genetic architecture. Differences in frequency of genetic variants within the population may lead to false positive results. False positive associations between genetic markers and disease can occur due to association of disease with a sub-population, rather than the genetic marker. Self-reported race is used commonly to stratify subjects to avoid ethnic stratification. Population admixture is more common among self-identified African-American subjects compared to those identifying themselves as of Caucasian ethnic origin [35] . Although population admixture does occur in most genetic association studies, the extent to which results would be affected is less clear. Techniques have been developed to detect and correct for population stratification by typing unlinked markers [36] [37] [38] . Whether this approach is adequate is controversial [39] .
Conclusion
Genetic association studies will be more valid if study design issues are carefully considered during the planning phase of a study and rigorous statistical methods are used during analysis. There are several challenges to conducting well designed genetic studies in critical care, including recruiting large cohorts to obtain sufficient power, accurately identifying phenotypes, identifying appropriate case and control groups, and choosing a candidate gene or whole genome approach. However, if such considerations are met, one can be cautiously optimistic that genetic association studies may lead to better understanding of biological mechanisms and improve our ability to target therapy in the critically ill.
